Every year, the production of coal-bed natural gas in the Powder River Basin results in the discharge of large amounts of coal-bed methane water (CBMW) in Wyoming; however, no sustainable disposal methods for CBMW are currently available. A greenhouse study was conducted to evaluate the potential to use CBMW as a source of irrigation water for camelina [Camelina sativa (L.) Crantz].
D
emand for biofuel production to augment fossil fuels has increased in recent decades. This is the result of the US Energy Independence and Security Act of 2007 110th Congress) that mandates the use of biofuel to increase to 136 billion L by 2022, of which 79.5 billion L is projected to be advanced biofuels. Oilseeds have been identified as one of the seven bioenergy feedstocks. Thus, increased production of oilseeds will contribute significantly to the nation's efforts to meet the demand for biofuels . An oilseed crop that has been explored for biofuel purposes in recent times is camelina [Camelina sativa (L.) Crantz] (Wu and Leung, 2011; Obour et al., 2015) . Camelina seeds, generally have high oil contents (35-45%), which are rich in polyunsaturated fatty acids (PUFA) (Gugel and Falk, 2006; Sintim et al., 2016b) . However, lower seed oil content (28%) has been reported for camelina in Texas (Darapuneni et al., 2014) . The relatively high amounts of the fatty acid constituents, such as a higher proportion of oleic acid, make camelina a good candidate for biofuel production (Bernardo et al., 2003; Shonnard et al., 2010) . A higher proportion of oleic acid increases oxidative stability and provides better cold flow in biofuels (Durrett et al., 2008; Sainger et al., 2017) . According to Wu and Leung (2011) , biofuel from camelina meet the requirements for both European (EN 14214 specification) and international (ASTM D6571) standards for biodiesel.
Studies show that camelina is a low-input crop and is able to grow well on marginal lands (Zubr, 2003; Ehrensing and Guy, 2008) . In addition, camelina has better resistance to cold temperate conditions than other oilseed crops (Robinson, 1987; Allen et al., 2014; Obour et al., 2015; Sintim et al., 2016c) , making it well suited for the climate in Wyoming. Wyoming, however, has a semiarid climate with low amounts of rainfall (<400 mm annual rainfall), and the annual rainfall distribution is highly variable, which affects crop productivity under dryland farming (Garcia y Garcia et al., 2014; Kaur et al., 2015; NOAA-NCDC, 2016; Sintim et al., 2016a) . Irrigation is an important practice, but there is limited access to good water supply for irrigation in most parts of Wyoming.
Coal-bed methane water (CBMW) is a waste product discharged from the production of coal-bed natural gas. It is a readily available source of water in Wyoming because of the Powder River Basin (Fig. 1) , which is the largest reserve of coal in the United States (Bartos and Ogle, 2002; USDOE, 2007 . Over the years, there has been a decline in coal-bed methane production in Wyoming, dropping to 5.86 billion m 3 in 2015. Nonetheless, total production of coal-bed methane is still high, and the sustainable discharge of CBMW remains a problem. The average discharge of CBMW is 45 L min −1 (Young, 2005) , but the current disposal methods of CBMW (by evaporation pond or direct discharge into streams) are not sustainable. This is because CBMW contains high levels of sodium (Na), bicarbonates, and other dissolved solids (Horpestad, 2001; Stearns et al., 2005) . Thus, the direct discharge of CBMW into streams increases the bicarbonate and other pollutant levels of the stream, which are lethal to aquatic organisms (Horpestad, 2001; Skaar, 2001) . Also, the discharge of CBMW onto land surfaces or its use as a source of water for irrigation is undesirable because it leads to soil salinity and sodicity problems that impede crop growth and soil productivity (Horpestad, 2001; Stearns et al., 2005) . Although camelina has been reported to perform well on marginal lands (Zubr, 2003; Ehrensing and Guy, 2008) , studies on the effects of irrigating camelina with CBMW are lacking. In addition, studies show that camleina can accumulate nickel, zinc, cadmium, and other solutes and thus could be used for phytoremediation purposes (Putnik-deli et al., 2013; Sainger et al., 2017) . The objectives of this study were to evaluate the effects of different concentrations of CBMW on selected soil properties, camelina growth, and oil and fatty acid composition of camelina seeds.
Materials and Methods

Experimental Management
A greenhouse study was conducted at the University of Wyoming's Research and Extension Center in Sheridan, WY. The soil for the study was obtained from the top 30 cm of research station field plots. The soil was a Wyarno series (fine, smectitic, mesic Ustic Haplargids) characterized as clay loam (31% sand, 36% silt, and 33% clay) and well drained (USDA-NRCS, 2007). The soil was sieved with an 8-mm sieve to maintain most of the soil aggregates and was then homogenized by mixing thoroughly. Samples of the soil were analyzed following standard soil testing procedures (NCERA, 2012) The soils were packed to a field-representative bulk density of 1.12 Mg m −3 in 11.4-L pots lined with a double layer of tissue paper to prevent soil seepage from the drainage holes. The diurnal microclimate (Fig. 2) in the greenhouse was maintained to provide optimal conditions for camelina growth. The air temperature and photosynthetic photon flux (17°C and 0 mmol m −2 s −1 , respectively) were low during the evenings and early mornings and were high (28°C and 120 mmol m −2 s −1 ) during the afternoon. The relative humidity was high (70%) during the evenings and early mornings but was low during the afternoon.
The effects of three camelina cultivars (Blaine Creek, Ligena, and Pronghorn) and three water treatments (0% [1:0], 50% [1:1], and 100% [0:1] tap water to CBMW) were studied. A control no-crop treatment was included where pots were filled with soil and received the respective water treatments but were not sown to any crop. Thus, the study was a two-factor (water treatment and cultivar) experiment set in a completely randomized design with five replications. Every 2 wk, the pots were rearranged randomly to ensure that the plants received similar microclimate. We planted 30 seeds pot −1 at 6-mm depth from each of the three camelina cultivars. The water treatments were imposed at planting, and each pot was supplied with a total of 450 mm water for the entire growing period. The water was supplied as needed to provide the plants with sufficient moisture. Thus, the irrigation amount was low during the initial and late-season growth stages but was high during the early-and midseason growth stages, which is the typical irrigation regime for most crops. Seed emergence of camelina is very variable and is controlled by genetic, physiological, and environmental factors (Lenssen et al., 2012; Sintim et al., 2016b) . Thus, 10 d after emergence, we thinned the seedlings to 10 plants pot −1 in all treatments to eliminate other factors confounding the results. The seedlings were thinned to maintain uniformity across all treatments by retaining only vigorous seedlings. Urea was applied at planting at a rate of 45 kg N ha 
Water Properties
Tap water for the study was a drinking water supply obtained from the city water system of Sheridan. Untreated CBMW was also used for the study, and it was obtained from a treatment site of BeneTerra in Sheridan. BeneTerra is one of the major firms involved in disposal of CBMW in the Powder River Basin. Water samples from these two sources were analyzed by Inter-Mountains Laboratories in Sheridan using standard procedures (Table 1) . The CBMW was more alkaline, saline, and had greater Na than the tap water, with a Na adsorption ratio of 59.8 (Table 1) . The tap water tended to have more chloride, sulfate, Ca, and Mg than the CBMW. Dissolved metals were analyzed, but they were not detected at the reporting limit, except barium and boron, which were detected in the CBMW at very low levels (0.33 and 0.2 mg L −1 , respectively). Also, dissolved radium-226 and -228 was not detected at the reporting limit in the tap water, but it was found in very small amounts (0.011 Bq m 
Data Collection
Plant emergence was determined at the two-to three-leaf stage by counting the number of emerged seedlings and then dividing by the total number of seeds planted. The ratio was expressed as percentage. At maturity, five plants were randomly selected from each pot, the number of branches was counted, and plant height was determined by measuring the length of the five randomly selected plants from the soil surface to the highest point on the plant. Plants were harvested when >90 of the pods were ripe. Entire plants in the pots were harvested at the soil surface (taking care to avoid pod shattering), and the total aboveground biomass was weighed before threshing and cleaning to determine the seed weight. Prior to harvest, 10 pods were randomly selected from each pot to determine the average number of seeds in each pod. Seed yields were adjusted to dry weights by drying seed samples at 65°C for 24 h to determine the moisture content. The crop harvest index was calculated as dry seed weight divided by dry weight of total aboveground biomass at harvest. The 1000-seed weight was determined on the dried seeds by counting 10 sets of 100 seeds and weighing them. After harvest, a soil sampler was used to collect soil samples across the entire height of the experimental pots. Ten samples were collected within each pot and were composited by mixing thoroughly. The soils were then analyzed following standard soil testing procedures by the American Agricultural Laboratory.
Oil, Biofuel Yield, and Fatty Acid Analysis
We weighed 1 to 2 g seeds in a capped 18-mm o.d. ´ 150-mm tube and then warmed them for at least 30 min in a heating block set at 40°C. The oil content of the seeds was then determined using a pulsed nuclear magnetic resonance (NMR) spectrometer (The Minispec, Bruker Optics). Aliquots of camelina oil were used to calibrate the spectrometer. Moisture content of the seeds was determined by oven drying the seeds at 65°C for 48 h, and the oil contents were reported on a dry-weight basis. The biofuel yield was calculated according to Sintim et al. (2015) . The calculation assumed 10% postharvest loss, 80% extraction efficiency, and oil yield conversion of 1 g m −2 to 0.0439 mL volume biodiesel (Kemp, 2006) .
The fatty acid composition was analyzed according to Vick et al. (2004) . A Hamilton Beach handheld coffee grinder was used to grind 1 g camelina seed samples, and then 0.1-g samples of the ground seeds were transferred to autosampler vials. Fatty acid methyl esters were produced by adding 1 mL of hexanechloroform-sodium-methoxide (HCSM) solution (75:20:5). The vials were capped and vortexed for 5 s. The solids in the vials were allowed to settle out, and the supernatants were transferred to clean autosampler vials and analyzed by gas chromatography. The samples were injected into a Hewlett-Packard 5890 Series II gas chromatograph containing a DB-23 capillary column (30 ´ 0.25 mm, J&W Scientific), which was held at 190°C for 2.6 min, then increased at 23°C min −1 to 220°C, held at 220°C for 36 s, heated at 39°C min −1 to 240°C, and held at 240°C for 1 min. Helium at a pressure of 0.152 MPa was used as the carrier gas. Injector temperature was 230°C, with a split flow of 100 mL min −1 . The fatty acid methyl esters were detected with a flameionization detector at 250°C. Standard samples were included as a quality control for every batch.
Statistical Analysis
Data on the various parameters of crop growth, oil content, biofuel yield, fatty acid composition, and soil properties were analyzed as a two-factor (cultivar and water treatments) experiment with five replications, using the PROC GLM procedure in SAS 9.4 (SAS Institute, 2013). Mean separations were conducted at P £ 0.05, using the least squares means (LSMEANS) and adjusted Tukey multiple comparison procedure. Validity of equal variance, normality, and independence assumptions on the error terms were confirmed by assessing the residuals.
Results
Crop Growth
Water treatment ´ cultivar interaction was not significant for all measured growth parameters. There were significant effects of water quality on camelina emergence (Table 2) . Averaged across cultivar, CBMW decreased camelina emergence by >22%. Irrigating with CBMW also decreased the seed yield and harvest index but increased plant height. The decrease in harvest index was, however, only marginal (P = 0.05), so the differences were not detected in the mean separation procedure. In general, the plants, including those under the CBMW treatments, were short, ranging from 44 to 50 cm. The number of branches, 1000-seed weight, and number of seeds per pods were not affected by water quality.
Plant emergence was different among the cultivars: Ligena (64%) had the greatest plant emergence, followed by Blaine Creek (60%), and then Pronghorn (53%). There were no significant effects of cultivar on the number of branches, plant height, seed yield, harvest index, or the number of seeds per pod ( Table  2 ). The 1000-seed weight was different among the cultivars. Ligena had a greater 1000-seed weight than Pronghorn, whereas Blaine Creek was intermediate between the two cultivars.
Oil Content and Fatty Acid Composition
There were no significant water treatment ´ cultivar interaction effects on the oil content and the various fatty acid constituents of camelina, except the stearic acid content. The stearic acid contents of Ligena and Pronghorn were not different, but they were greater than that of Blaine Creek. Additionally, irrigating with 100% CBMW marginally increased the stearic acid contents in Blaine Creek and Pronghorn, but not in Ligena, where it was significantly lower (Fig. 3) . The 100% CBMW elevated the oil content of camelina by 3% and also reduced the estimated biofuel yield and erucic acid content by 23 and 7%, respectively (Table 3 ). The 50% CBMW elevated the arachidonic and linolenic acid contents but decreased the arachidic and oleic acid contents. The water treatments had no effects on the eicosadienoic, eicosenoic, linoleic, and palmitic acid concentrations. In general, irrigating with CBMW tended to reduce the total saturated fatty acid (SFA), but it had no significant effects on the total monounsaturated fatty acid (MUFA) and PUFA.
Oil content was significantly different among the three cultivars: the oil content of Pronghorn was greater than Ligena, and Blaine Creek was intermediate between the two cultivars. In contrast, the estimated biofuel yield among the cultivars was not significantly different. The cultivars showed differing levels in fatty acid composition, but the major fatty acid constituents were similar (Table 3) . Averaged across water treatment and cultivar, linolenic (34%), linoleic (19%), oleic (16%), eicosenoic (13%), and palmitic (6%) acids were the major fatty acid constituents. Thus, the relative percentage of unsaturated fatty acid (UFA) was much greater (88%, 32% MUFA vs. 56% PUFA) than the total SFA (12%). The total SFA and PUFA were greatest in Ligena, but the total MUFA was greatest in Pronghorn and least in Ligena.
Soil Parameters
There were no significant water treatment ´ cultivar interaction effects on all measured soil parameters. In general, soil pH, EC, Na, and CEC increased with increasing level of CBMW amount (Table 4 ). In contrast, extractable Ca decreased with increasing levels of CBMW. The increase in Na was very high, and that in combination with the decline in Ca resulted in about 9-and 12-fold increases in the relative saturation of Na in the 50 and 100% CBMW treatments, respectively. Water quality had no significant effects on soil OM and Mg. Soil pH and EC did not differ among the three cultivars, but the cultivation of camelina increased the soil pH and decreased the soil EC relative to the no-crop treatment (Table 4 ). In addition, soil OM content in the no-crop treatment was similar to the camelina cultivars, with the exception of Pronghorn, where the soil OM content was greater. The levels of soil Na were marginally lower among the camelina cultivars compared with the no-crop treatment (356 vs. 385 mg kg −1 ), but this was not statistically significant. Thus, the uptake of Ca and Mg by the camelina cultivars resulted in a 4% decline in the CEC relative to the no-crop treatment.
Discussion
The large discharge of CBMW from the production of coalbed natural gas suggests the need to identify a more sustainable disposal method. The use of CBMW to irrigate crops could be viable if it has minimal to no effects on agricultural production systems and agroecosystem. The results showed that irrigating with 100% CBMW will adversely affect camelina and have a negative impact on soil structure (Fig. 4) . Seed yield was reduced by 24%, which could be attributable to increased soil salinity and poor soil structure from high Na levels (Horpestad, 2001; Stearns et al., 2005; Sowder et al., 2010) . Soil salinity lowers water potential, which restricts water movement and causes plants to expend higher amounts of energy to extract water from the soil (Horpestad, 2001; Stearns et al., 2005) . In addition, soil salinity increases osmotic stress that can cause hormonal imbalance in plants and retard their growth and yield (Parida and Das, 2005) . However, the effects of soil salinity on camelina yield in this study might be minimal, as the soil EC only increased by 0.48 dS m −1 . In contrast, levels of Na greatly increased from irrigating with CBMW, which is detrimental because it causes dispersion of soil colloids and affects soil structure (Horpestad, 2001; Stearns et al., 2005) . These effects in turn make it difficult for plant roots to penetrate subsurface soil to extract water and nutrients to support growth (Chaudhari, 2001; Stearns et al., 2005) . The formation of soil surface crust from irrigating with high concentration of CBMW was observed in the current study (Fig. 4) . There was an increase in CEC from CBMW application, but this could be the result of higher Na levels, since the CEC was calculated by summation of base cations. The greater alkalinity of the CBMW than the tap water also resulted in an increased soil pH from application of CBMW. The 50% CBMW caused no significant effect on the seed yield or other growth parameters, with the exception of plant emergence, which was significantly reduced. The reason why camelina emergence was affected by application of CBMW is still not clear because the soil EC only increased slightly. Poor soil structure, such as surface crusting from high Na levels, can affect crop emergence. However, homogenous soil was used in the study, and since camelina emerged within <7 d after seeding, there would have been minimal effect of CBMW on the soil. Studies show that seed emergence of camelina is very variable and is controlled by genetic, physiological, and environmental factors (Lenssen et al., 2012; Sintim et al., 2016b) . Since the seedlings were thinned out to 10 plants pot −1 in all treatments after emergence, the differences in plant emergence among the treatments did not affect the yields of camelina.
We observed a slight increase in the oil content (3%) from the application of CBMW, which was quite unexpected, since previous studies have reported significant reduction in the oil content of most oilseeds under stress conditions (Carvalho et al., 2005; Rotundo and Westgate, 2009; Steppuhn et al., 2010; Tesfamariam et al., 2010) . The increase in oil content was, however, much lower than the reduction in seed yield, hence the biofuel yield was decreased. The oil content obtained in this study was within the range reported for camelina (Gugel and Falk, 2006; Sintim et al., 2015) . The fatty acid composition was also affected by CBMW, causing a slight increase in the total UFA and a decline in the total SFA. There were no effects of CBMW on eicosadienoic, eicosenoic, linoleic, and palmitic acids concentrations, but the 100% CBMW reduced the erucic acid content by 7%. Additionally, the 50% CBMW decreased the arachidic and oleic acid contents, but it elevated the arachidonic and linolenic acid contents. Despite the significant differences in the oil content and fatty acid constituents as a result of the water treatments, the values were within the range reported in previous studies (Zubr and Matthäus, 2002; Wu and Leung, 2011) .
Among the three cultivars studied, Pronghorn showed the most promise in terms of biofuel production. The oil content, biofuel yield, and oleic acid content, which are important indices for biofuel production, were greatest in Pronghorn. Oxidative stability of biofuel is increased, providing better cold flow in biofuels when the proportion of oleic acid is high (Durrett et al., 2008; Sainger et al., 2017) . Plant establishment was, however, the lowest in Pronghorn. Thus, a greater seeding rate would be required for successful production under field conditions. The plant height, seed yield, and harvest index were similar among the cultivars. In addition, the measured soil properties were mostly similar.
Compared with the no-crop treatment, the cultivation of camelina caused a decline in the EC and CEC. This could be attributed to uptake of relevant base cations. The N level in soils cultivated with camelina was 29 mg kg -1 lower than in the nocrop treatment, which could indicate marginal uptake of N by camelina roots. In addition, the pH in soils cultivated with camelina was greater than in the no-crop treatment, and this could be explained by root-mediated processes, such as nutrient uptake, rhizodeposits, or root-microbe interactions during crop growth. In general, the studied cultivars showed similar effects on the selected soil properties evaluated.
Conclusions
The application of 100% CBMW significantly affected camelina growth and caused destruction to the soil structure from increased Na levels (653 mg kg −1 ). The 1:1 tap water to CBMW ratio caused minimal effects on camelina, but destruction of soil structure in the long term might be problematic since the Na levels (464 mg kg −1 ) were still fairly high. The 100% CBMW reduced seed and estimated biofuel yields by 24 and 23%, respectively, but increased the oil content by 3%, relative to the control. The CBMW tended to reduce the total SFA, but it had no significant effects on the total MUFA and PUFA of camelina seeds. In the short term, CBMW may be used to irrigate camelina; however, it needs to be diluted with an equal amount of goodquality water. To ensure sustainable use of the CBMW, only good-quality water would then have to be used for some time to flush out the accumulated dissolved solids in soil.
Since camelina showed tolerance to CBMW, it could be adopted and cultivated in abandoned evaporation pond sites for CBMW. The long-term production of camelina in such areas can help improve the soil structure through root-microbial-mediated processes. More so, although Na uptake by camelina was at a low level (28 mg kg −1 Na), it can make a difference in the long term through continuous cultivation.
